The cyanobacterium Synechococcus elongatus PCC 7942 is a major model species for studies of photosynthesis. It is are also a potential cell factory for the production of renewable biofuels and valuable chemicals. We employed engineered riboswitches to control translational initiation of target genes in this cyanobacterium. A firefly luciferase reporter assay revealed that three theophylline riboswitches performed as expected in the cyanobacterium. Riboswitch-E* exhibited very low leaky expression of luciferase and superior and dose-dependent on/off regulation of protein expression by theophylline. The maximum magnitude of the induction vs. basal level was $190-fold. Furthermore, the induction level was responsive to a wide range of theophylline concentrations in the medium, from 0 to 2 mM, facilitating the fine-tuning of luciferase expression. We adapted this riboswitch to another gene regulation system, in which expression of the circadian clock kaiC gene product is controlled by the theophylline concentration in the culture medium. The results demonstrated that the adequately adjusted expression level of KaiC restored complete circadian rhythm in the kaiC-deficient arrhythmic mutant. This theophylline-dependent riboswitch system has potential for various applications as a useful genetic tool in cyanobacteria.
Introduction
Cyanobacteria convert light energy to generate chemical energy and liberate oxygen in a process known as oxygenic photosynthesis. It has been suggested that they are among the first organisms to acquire the capability for oxygenic photosynthesis. It is also generally accepted that progenitors of cyanobacteria are the origin of plant plastids that have evolved through endosymbiosis. To date, several cyanobacterial species, such as Synechococcus elongatus PCC 7942, Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120, have been utilized as model organisms for the study of photosynthesis, carbon and nitrogen assimilation, evolution of plant plastids, adaptation to environmental stresses, and circadian rhythm (Price et al. 2008 , Johnson et al. 2011 , Nelson 2011 , Muramatsu and Hihara 2012 .
Cyanobacteria are also gaining attention because of their potential for biotechnological applications. Cyanobacteria possess several advantages, such as their photosynthetic capability, low requirements for mineral nutrients in cell culture, short life cycle and susceptibility to genetic manipulation. Actually, a number of groups have been trying to engineer cyanobacteria to produce valuable products such as biofuels, foods or feeds, and other biomaterials (Abed et al. 2009 , Ducat et al. 2011 , Ruffing 2011 .
Biotechnology for cyanobacteria still lags behind conventional model species such as Escherichia coli or baker's yeast in terms of molecular tools for metabolic engineering. Strictly controlled but inducible protein expression is required for biotechnological applications. The isopropyl-b-D-1-thiogalactopyranoside (IPTG) induction system facilitates inducible gene expression in cyanobacteria (Geerts et al. 1995 , Ishiura et al. 1998 ) but the basal level of protein expression of the noninduced state is still high in many cases (Elhai 1993 , Mutsuda et al. 2003 , Huang et al. 2010 ) because it is difficult to attain strict control of inducible protein expression in cyanobacteria.
Riboswitches are known as functional non-coding RNA molecules that play a crucial role in gene regulation at the transcriptional or post-transcriptional level in many types of bacteria (Roth and Breaker 2009) . It has also been reported that a theophylline-dependent synthetic riboswitch facilitates translational regulation in tobacco plastids (Verhounig et al. 2010) . Riboswitches have a sensing domain (aptamer) and a regulating domain. Direct binding of a specific ligand to the aptamer domain results in a conformational change within the regulating domain, thereby affecting the expression of the adjacent gene(s). In most cases, riboswitches operate by interfering with translation initiation or attenuating transcription termination (Roth and Breaker 2009) . Recently, Gallivan and his colleagues have developed a set of synthetic theophylline riboswitches enabling conditional translational initiation in Gram-negative and Gram-positive bacteria (Topp et al. 2010 , Seeliger et al. 2012 (Fig. 1A) . In all the tested organisms, at least one of the engineered riboswitches provided sufficiently low levels of background protein expression in the absence of theophylline and a >25-fold increase in the protein expression upon the introduction of the ligand (Topp et al. 2010) .
We employed the theophylline-dependent riboswitch to establish a strict and inducible protein expression system in Synechococcus elongatus PCC 7942 (hereinafter called 'Synechococcus'). We tested three theophylline riboswitches, and demonstrated that the best one exhibits clear on/off regulation of protein expression. This riboswitch allowed protein expression levels up to 190-fold. We further used the riboswitch to regulate the circadian rhythm of the cyanobacterium. We found that the riboswitch system makes it possible to fine-tune the level of protein expression by using a defined range of theophylline concentrations.
Results

Theophylline riboswitches facilitate inducible expression of the firefly luciferase in Synechococcus
To establish an inducible translational regulatory system in Synechococcus, we chose three riboswitch sequences, riboswitch-D, -E and -E* (Fig. 1) , which are expected to exhibit higher translation efficiencies in the 'on' state, out of six types of theophylline-responsive riboswitches developed by Gallivan and his colleagues (Topp et al. 2010 , Seeliger et al. 2012 . The sequence of riboswitch-D (Fig. 1D) was isolated from highthroughput screening based on flow cytometry (Lynch and Gallivan 2009 ). Riboswitch-D facilitates induction of protein expression up to $150-fold compared with the non-induced condition in E. coli (Topp et al. 2010 ). Riboswitch-E was constructed from riboswitch-D based on rational design, which aimed to increase the maximum protein expression level by extending the ribosome-binding site (Topp et al. 2010) (Fig. 1D) . The ribosome-binding site of riboswitch-E* is one base shorter than that of riboswitch-E, and riboswitch-E* was constructed by inserting a shorter spacer sequence between the ribosomebinding site and the translation initiation codon (Fig. 1D) .
The reporter gene, firefly luciferase gene (luc + ), was ligated downstream of one of the three above-mentioned riboswitches (Fig. 1C , Table 1 ). The trc promoter (Ptrc), a hybrid trp/lac promoter derived from E. coli (Amman et al. 1988) , was employed as a regulatory element for gene transcription. The constant sequence connected to the 5 0 side of the engineered riboswitches was slightly modified from the original sequence, ATACGACTCACTATA (Topp et al. 2010) , to ATACGCTCACA ATT to form a 5 0 stable stem-loop structure in transcripts. This was expected to stabilize transcripts and to prevent this region from interfering with the riboswitch function (Ogawa and Maeda 2007, Ogawa and Maeda 2008) . We eliminated the LacI q expression unit from these constructs so that Ptrc promoted the constitutive expression of the reporter gene in Synechococcus. Each reporter gene cassette was introduced into the neutral site 2 (NS2) of the Synechococcus genome by means of homologous recombination as described in the Materials and Methods. We produced three reporter strains, ENYC2, ENYC3 and ENYC4 (Fig. 1C, Table 1 ). ENYC1, which has a simple Ptrc::luc + unit together with the LacI q repressor expression unit in the NS2 region for the transcriptional regulation by IPTG, was constructed as a control reporter strain (Fig. 1B, Table 1 ).
Each strain was subjected to luciferase assay in batch mode cell culture after 6 h induction by supplementation of 2 mM IPTG (for ENYC1) or 2 mM theophylline (for ENYC2, ENYC3 and ENYC4). As shown in Fig. 2 , the highest luciferase expression was achieved in the ENYC1 strain by the addition of IPTG, followed by ENYC3, ENYC4 and ENYC2. Among the three strains, the strain with riboswitch-E, ENYC3, showed the highest luciferase activity [153 ± 6Â10 5 relative light units (RLU) OD 730
À1
]. This value was $4.5-fold that of ENYC2 (34.2 ± 0.4Â10 5 RLU OD 730
). This indicates that, in terms of the 'on' effect, the design concept of this molecular switch (Topp et al. 2010 ) is also applicable in Synechococcus.
ENYC1 had a high level of leaky expression of luciferase (167 ± 2Â10 5 RLU OD 730 À1 ) in the non-induced condition, so it generated the lowest level of activation (2.3-fold) (Fig. 2) . In contrast, all three strains equipped with riboswitches showed low levels of leaky luciferase expression in the non-induced condition (Fig. 2) . ENYC4 equipped with riboswitch-E* showed the lowest level of leaky luciferase activity (0.646 ± 0.007Â10 5 RLU OD 730 À1 ) among the three strains. As a result of the efficient 'off' effects, these three engineered strains exhibited a pronounced induction level of luciferase activity although their induced luciferase did not reach the level that was observed in ENYC1.
It is noteworthy that the modified riboswitch-E* exhibited a similar magnitude of 'off' effect compared with riboswitch-D, whereas its 'on' effect was $3.6-fold that of riboswitch-D, resulting in the highest (190.4-fold) activation ratio among the three riboswitches. This marked activation ratio exceeds one of the highest activation levels of IPTG-dependent b-glucosidase gene expression in Synechococcus (36-fold: Geerts et al. 1995) .
We carried out a time-course analysis to clarify the sustainability of the luciferase induction effect due to theophylline supplementation in the medium. Bioluminescence derived from the enzymatic oxidation of 0.1 mM D-luciferin by cellular luciferase was measured at several time points. As shown in Fig. 3 , the effects of theophylline supplementation in the medium last for at least 2 d in liquid culture. The time-course profile of the luminescence signal from 0 h to 48 h shows an order (ENYC3 > ENYC4 > ENYC2) which was similar to that observed in the in vitro assay for luciferase activity in Fig. 2  (Fig. 3A) . As shown in the graph of Fig. 3B , basal luminescence of ENYC4 was the least among three strains that have theophylline riboswitches. Taken together, riboswitch-E* is probably the most effective translational regulator because the riboswitch confers the strictest control of inducible protein expression in Synechococcus.
Induction level of riboswitch-E* is adjustable in a wide range of theophylline concentrations
To determine the applicable range of theophylline concentrations for activating riboswitch-E*, we examined luciferase activity of cell extracts prepared from ENYC4 grown in the liquid medium supplemented with various concentrations of theophylline. Luciferase activity increased in proportion to theophylline concentration, from 0.1 to 2 mM theophylline (Fig. 4A) . We observed significant growth retardation of Synechococcus in the medium supplemented with >2 mM theophylline (data not shown). We therefore carried out all experiments at 2 mM theophylline. The theophylline dosedependent luciferase activity continued for at least 48 h from the start of induction (Fig. 4A) . Furthermore, at the lower range (0-200 mM) of theophylline, luciferase activity increased in direct proportion to the concentration of the ligand. The 200 mM theophylline dose caused the greatest (53-fold) induction of luciferase activity (Fig. 4B) . We further confirmed the dosage effect of theophylline in agar plate culture of ENYC4 by consecutive measurement of bioluminescence with a highly sensitive photomultiplier tube, described previously by Iwasaki et al. (2000) . The results indicated that the luminescence increased immediately after the addition of theophylline (Fig. 5) . Fluctuations in the level of luminescence were probably linked to the circadian rhythm (Fig. 5) .
Expression of KaiC protein under the control of riboswitch-E* restores circadian rhythm in the Synechococcus clock mutant
To evaluate the utility of riboswitch-E* in controlling transgene expression, we used it to establish a controllable protein expression system that regulates the circadian clock in Synechococcus. Previously, three proteins, KaiA, KaiB and KaiC, were identified as essential genetic components for circadian oscillation in Synechococcus (Ishiura et al. 1998 , Nakajima et al. 2005 . Protein KaiC, the central component of circadian regulation, is an autokinase and an autophosphatase. These enzyme activities are modulated by accessory proteins, KaiA and KaiB (Iwasaki et al. 2002 , Kitayama et al. 2003 . KaiC phosphorylation oscillates with a period of approximately 24 h not only in Synechococcus cells but also in a test tube containing a mixture of KaiA, KaiB, KaiC and ATP (Kai protein circadian clock) (Nakajima et al. 2005) .
In Synechococcus, expression of many genes is under the control of the circadian clock, and the kaiBC genes are also regulated by the KaiABC-based circadian oscillator. To the diluted culture, 2 mM IPTG (ENYC1) or 2 mM theophylline (ENYC2, ENYC3 and ENYC4) was added, and each culture as well as a culture without the addition of inducer compounds was further incubated at 30 C for 6 h. The cells were harvested and extracted. The resulting cell extracts were subjected to the luciferase assay. Luminescence was measured by a luminometer as described in the Materials and Methods. In order to calculate relative luciferase activities, the measured values of relative light units (RLU) were divided by the absorbance value (OD 730 ), and the luciferase activities are indicated as the averages with the standard deviation (± SD) from three independent measurements in the graph. (B) The activation ratio in each reporter strain was calculated by dividing the value of the luciferase activity measured in the presence of the inducer (IPTG for ENYC1, and theophylline for ENYC2, ENYC3 and ENYC4) by the value of that in the absence of inducer. Overaccumulation of KaiC represses not only kaiBC but also genome-wide gene expression (Ishiura et al. 1998 , Nakahira et al. 2004 ). This negative feedback regulation of KaiC was demonstrated in the LacI/IPTG-inducible expression of kaiC gene product (Ishiura et al. 1998) . However, oscillatory expression with feedback regulation of kai genes is not essential for the KaiABC-based clock. Moderate induction of the kaiB and kaiC genes driven by the trc promoter generated the Kai protein circadian clock (Nakahira et al. 2004 , Murayama et al. 2008 .
To analyze KaiC expression, we constructed a strain ENYC11 which carries a KaiC expression unit under the control of riboswitch-E* (Fig. 6A, Table 1 ). The circadian rhythm of this strain was monitored by measuring the activity of bacterial luciferase (LuxAB), which is under transcriptional control of the kaiBC promoter. We examined the negative feedback effects of KaiC on the circadian clock of ENYC11 by activating riboswitch-E* in high levels of theophylline. For the control experiment, we analyzed the luminescent oscillation of NUC42, which is a parental strain of ENYC11 and carries bacterial luciferase genes (luxAB) under the control of the kaiBC promoter (Nishimura et al. 2002 : Table 1 ). We found that administration of 0.5 mM theophylline does not significantly affect the circadian rhythm of LuxAB luminescence that is under the control of the kaiBC promoter in NUC42 (Fig. 6B) . We analyzed the luminescence of ENYC11 in the presence of 0.5 mM theophylline. In the absence of theophylline, the luminescence of ENYC11 showed oscillation similar to that of NUC42, but the addition of 0.5 mM theophylline completely abolished the luminescence of ENYC11 (Fig. 6C) . These results suggest that the addition of 0.5 mM theophylline activated the riboswitch-E* in ENYC11, resulting in overaccumulation of KaiC and leading to negative feedback regulation of the clock gene promoter.
The kaiB and kaiC mutant strains have impaired circadian rhythms that can be restored by adequate expression of kai genes under the control of the IPTG-inducible Ptrc promoter (Xu et al. 2003 , Nakahira et al. 2004 , Murayama et al. 2008 . We tested the utility of the theophylline riboswitch to regulate the expression of KaiC protein to complement the loss of intrinsic KaiC function in the mutant strain. A previous report described a kaiC deletion reporter strain kaiC -/NUC42 that is impaired in circadian rhythm (Iwasaki et al. 2002) .
We constructed a strain ENYC13 by introducing a riboswitch-E*::kaiC cassette into the genome of the kaiC -/NUC42 Fig. 4 Theophylline dose dependency of luciferase activity under the control of riboswitch-E* in liquid culture. (A) A cell culture of ENYC4 was prepared as described in the legend of Fig. 2 , and luciferase was induced by the addition of various concentrations (0, 0.1, 0.2, 0.5, 1 and 2 mM) of theophylline to the medium. Cells were harvested after incubation for 6 h (circle), 24 h (triangle) or 48 h (square), and the cell extracts were subjected to the luciferase assay. Luciferase activity was calculated by dividing the measured value of RLU by the absorbance value (OD 730 ), and is indicated as the average with the standard deviation (± SD) from three independent measurements. (B) Luciferase in ENYC4 was induced by the addition of low theophylline concentrations (0, 10, 25, 50, 100 and 200 mM), and the cell extracts were prepared from a 6 h incubation culture for the luciferase assay. The graph indicates that the luciferase activities increase at a rate proportional to the theophylline concentrations. At the 24 h incubation time, the membranes were further transferred to a fresh solid medium, containing 0.1 mM D-luciferin and various concentrations of theophylline: 0 mM (blue), 0.1 mM (green), 0.5 mM (purple), 1 mM (orange) or 2 mM (red). Bioluminescence was monitored by the photomultiplier-based quantitative system as described previously (Iwasaki et al. 2000) .
strain (Fig. 7A , Table 1 ), and examined its luciferase bioluminescence. Similar to its parental strain, the strain did not show the oscillation of bioluminescence in the absence of theophylline (Fig. 7B) . On the other hand, we could observe that 25 mM theophylline administration restores circadian rhythm with a period of $25 h in this strain (Fig. 7B) . Interestingly, administration of 50 mM theophylline to ENYC13 caused a longer period ($27 h) than that observed after addition of 25 mM theophylline (Fig. 7B) . This suggests that a proper level of KaiC protein expression is important for precise clock regulation. Higher levels of theophylline (>100 mM) in the medium resulted in repression of luciferase bioluminescence, suggesting that the enhanced expression of KaiC abolished transcription from the kaiBC promoter (Fig. 7B) . The bioluminescence from luciferase does not necessarily reflect the expression level of KaiC protein in the test strain. To examine the level of KaiC protein accumulation in ENYC13, we performed immunoblot analysis with a specific antiserum. We cultured cells in a flask containing 100 ml of liquid medium. To ensure the validity of the KaiC expression analysis, we also carried out immunoblot analysis of KaiA and KaiB with specific antisera. As shown in Fig. 8 , the results indicate a positive dosage effect of theophylline on KaiC accumulation. The KaiC accumulation level in the control strain NUC42 was estimated to a range similar to that accumulated by ENYC13 after administration of 25-50 mM theophylline. Further, the KaiC accumulation in ENYC13 treated with 200 mM theophylline increased to $3.8-fold that of NUC42 (Fig. 8) . These results demonstrate that the theophylline riboswitch module can adjust the level of KaiC expression to restore the KaiC-dependent circadian clock system in the kaiC-deficient mutant. On the other hand, the accumulation level of KaiA was constitutive, indicating that KaiA expression is not affected by KaiC induction. This confirms the results of a previous report (Nakahira et al. 2004 ). In contrast, the accumulation of KaiB showed a negative correlation to that of KaiC. With the increase in KaiC expression level, KaiB accumulation declined (Fig. 8) . The results shown in Fig. 8 are consistent with the decrease of transcription activity of the kaiBC promoter upon administration of the same range of theophylline dosages to ENYC13 (Fig. 7) .
Discussion
Introduction of the theophylline riboswitch into the Synechococcus genome established a ligand-dependent This unit is introduced into the genome of the NUC42 strain as described in the Materials and Methods. NS1-1 and NS1-2 indicate DNA segments of neutral site 1, which was the site for homologous recombination between genome DNA and the transgene. The chloramphenicol resistance gene (Cm r ) was used as a selection marker for the introduction of the P kaiBC ::luxAB expression unit into the Synechococcus strain. (B) The NUC42 strain was pre-cultured on a nitrocellulose membrane placed on solid BG11-M medium and grown at 30 C under continuous light for 4 d. After 12 h cultivation in the dark to synchronize the circadian clock, the substrate, n-decanal, was supplied to the culture as described previously (Iwasaki et al. 2000) . Bioluminescence measurement was carried out under continuous light as described in the legend of Fig. 5 . After 24 h, the membrane with growing cell colonies was transferred onto fresh BG11-M solid medium, which was similarly supplied with n-decanal with (red dots) or without (black dots) 0.5 mM theophylline. (C) Bioluminescence of the ENYC11 strain, equipped with the KaiC expression system under the control of the theophylline riboswitch, was analyzed in the same manner as the NUC42 strain in (B). Theophylline administration abolished luciferase luminescence (red dots).
translational activation system. Luciferase expression analysis revealed that the three riboswitches allowed 33.5-to 190.4-fold activation of protein expression upon the addition of theophylline (Figs. 2, 3 ). This marked improvement in the induction rate was achieved by sufficient repression of translation under non-induced conditions. This is in contrast to the result of the IPTG-dependent transcriptional regulation, in which the activation rate was only $2.3-fold (Fig. 2) because of leaky gene expression in the transcription step (Elhai 1993 , Mutsuda et al. 2003 , Huang et al. 2010 ).
Out of three riboswitches, riboswitch-E achieved the highest level of luciferase expression upon administration of 2 mM theophylline (Figs. 2, 3 ). This result is consistent with the results described in a previous report on some bacterial species equipped with the riboswitch-E regulatory system (Topp et al. 2010) . On the other hand, riboswitch-E* conferred the most effective and the strictest regulation of luciferase expression, facilitating up to $190-fold activation (Figs. 2, 3 ). To our knowledge, this gene activation ratio is one of the highest values among inducible gene expression systems employed in Fig. 7 Restoration of impaired circadian rhythm in the kaiC-deficient mutant after optimization of the KaiC expression level using the theophylline dose-dependent riboswitch-E*. (A) Sketch of the three portions of ENYC13 genome structure. The original kaiC gene is deleted in this strain by replacement with the spectinomycin resistance gene (Sp r ). The KaiC protein is artificially expressed under the control of the trc promoter (Ptrc) and the theophylline-dependent riboswitch-E*. (B) ENYC13 was grown under continuous light for 4 d on each of the solid media, containing 0, 10, 25, 50, 100 and 200 mM theophylline. NUC42 and kaiC -/NUC42 cells were also pre-cultured under continuous light for 4 d on solid BG11-M medium in the absence of theophylline under the same conditions as ENYC13 culture. After 12 h clock synchronization in the dark, the plates were subjected to bioluminescence measurement under the continuous light condition as described in Fig. 6 . In each graph, the scale of the left side of the vertical axis indicates the relative value of bioluminescence, whereas numbers at the upper right side of the axis indicate the maximum value of the detected photon counts.
cyanobacteria. Furthermore, the expression level of luciferase under the control of riboswitch-E* can be adjusted using a wide range of theophylline dosages (0-2 mM) in liquid cultured cells (Fig. 4) and in cells grown on solid medium (Fig. 5) . Furthermore, the theophylline-dependent induction of protein expression lasted for several days (Figs. 4, 5) . Thus, the riboswitch-E* system is clearly useful for translational regulation in Synechococcus.
As shown in Fig. 5 , the theophylline dose-dependent level of bioluminescence showed circadian oscillation. In other reports, it has been described that various genes exhibit circadian rhythm in Synechococcus (Nakahira et al. 2004) . Genes downstream of the foreign promoter Ptrc are also regulated by the endogenous circadian clock in the cyanobacterium (Nakahira et al. 2004) . Circadian rhythms were observed in ENYC4 cells that had not been subjected to any pre-treatment to synchronize the clock, such as pre-incubation in darkness. This weak synchronization among induced cells might be attributed to rapid consumption of ATP by the light-emitting reaction catalyzed by the overexpressed luciferase. It has been demonstrated that a change in the ATP/ADP ratio is a key factor that affects the circadian clock in Synechococcus (Rust et al. 2011) .
The performance of riboswitch-E* was further confirmed in another experiment involving the circadian clock protein, KaiC (Figs. 6, 7) . Expression of KaiC under the control of riboswitch-E* restored the circadian rhythm in the kaiCdeficient arrhythmic mutant in the presence of a specific range of theophylline concentrations (Fig. 7) . Both too low and too high concentrations of supplementary theophylline failed to complement the mutant phenotype. We confirmed that the levels of KaiC are positively regulated by the concentration of the supplemental theophylline (Fig. 8) . In a previous report, stable circadian rhythms were restored in the absence or with very low concentrations (up to 6.4 mM) of IPTG in a kaiC-deficient genetic background with an IPTG-dependent Ptrc-kaiC module (Xu et al. 2003) . In contrast, the non-induced condition in our riboswitch system did not allow circadian oscillation, and only a narrow range of the ligand concentrations led to the favorable restoration of the circadian rhythm. Taken together, the riboswitch-E* regulation probably facilitates stricter protein expression control in Synechococcus than the IPTG-dependent transcriptional control system.
Our results indicate that the riboswitch-E* offers adjustable control of target gene expression with low leakage in Synechococcus. The 16S rRNA sequences are well conserved among related cyanobacteria, so our riboswitches might also be applicable for gene expression systems in the other model cyanobacteria, such as Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120. It is also possible to modify the riboswitches further or construct riboswitches from scratch by rational design (Ogawa 2011) . Alternatively, it might also be possible to isolate suitable riboswitch sequences for cyanobacteria by a high-throughput screening as performed previously in E. coli (Lynch and Gallivan 2009) .
Most recently, Huang and Lindblad (2013) have reported development of non-native inducible promoters under the regulation of the foreign transcriptional repressor, TetR, in Synechocystis sp. strain ATCC27184. They have demonstrated that one of the synthetic promoters facilitates 290-fold induction of the reporter gene expression under an optimal growth condition. Combination of a potent module for transcriptional regulation with our theophylline riboswitch may lead to the establishment of an ideal programmed genetic circuit in cyanobacteria.
Recent research has tried to engineer cyanobacteria to produce valuable products such as biofuels and other biomaterials (Abed et al. 2009 , Ducat et al. 2011 , Ruffing 2011 . Theophylline, used as the ligand of synthetic riboswitches, is a plant-derived biomolecule that has a chemical structure similar to that of caffeine. It is inexpensive (<US$0.2 g
À1
) and the concentrations of theophylline used in this study (up to 2 mM) did not cause severe growth retardation in Synechococcus (data not shown). Therefore, the theophylline-dependent riboswitch system may be a key component in cost-efficient cell factories of cyanobacteria in the future.
In conclusion, the riboswitch system, consisting of a theophylline-dependent aptamer, manifests efficient and strict translational regulation in the model cyanobacterium, Synechococcus elongatus PCC 7942. This novel genetic tool will be useful in basic research that might lead to new avenues for biotechnological applications in cyanobacteria. C, the cell cultures were further incubated at 30 C for 16 h under continuous light. The cells were harvested and subjected to total protein extraction. The total protein extracts of NUC42 and kaiC -/NUC42 were also prepared from cells grown under the same conditions. The total proteins were subjected to SDS-PAGE and immunoblot analysis using the specific antiserum raised against KaiA, KaiB or KaiC. The relative intensity of the detected signal is shown under each panel.
Materials and Methods
Bacterial strains and culture conditions
Cyanobacterial strains used in this work are listed in Table 1 . In brief, S. elongatus PCC 7942 wild type was used as the genetic background to obtain the series of reporter strains constructed in this study (ENYC1, ENYC2, ENYC3 and ENYC4). NUC42 (Nishimura et al. 2002) and kaiC -/NUC42 (Iwasaki et al. 2002) were utilized for generating ENYC11 and ENYC13, respectively. All Synechococcus strains were cultured at 30 C under constant illumination of 40 mmol m À2 s À2 in modified BG-11 medium (BG-11M) (Bustos and Golden 1991) supplemented with appropriate antibiotics (20 mg ml À1 kanamycin, 40 mg ml À1 spectinomycin or 7.5 mg ml À1 chloramphenicol). For liquid culture, cells were grown with aeration, and absorbance of the culture at 730 nm was monitored using a spectrophotometer (Shimadzu BioSpec-1600) for estimating cell densities. Solid BG-11M medium was prepared with 1.5% Bacto Agar (Difco). Escherichia coli strain JM109 (Takara) was utilized for construction of plasmids. Escherichia coli cells were grown at 37 C in Luria-Bertani (LB) broth or on LB agar plates containing appropriate antibiotics.
Construction of plasmids and strains
In order to introduce the constructed gene cassette into the NS2 of the Synechococcus genome by homologous recombination, we constructed a novel NS2 targeting vector pEYN06, which harbors a kanamycin resistance gene cassette, a multiple cloning site, rrnB1 and rrnB2 tandem terminators (rrnBT 1 T 2 ) derived from pTrc99A (Amann et al. 1988) , and the up-and downstream flanking regions of NS2 [GenBank accession No. U44761: nucleotides 1,813-2,388 (NS2-1) and 2,395-3,041 (NS2-2), respectively]. DNA fragments corresponding to Ptrc::riboswitch-E (primers YN010 and YN012, Supplementary Table S1 ) and a firefly luciferase gene, luc + (primers YN011 and PL-R1, Supplementary Table S1) were amplified by PCR using pEYN02 and pGL3-Basic (Promega) as templates, respectively. The DNA fragments were recombined by overlap extension PCR using primers (primers YN010 and PL-R1), and the obtained fragment was subcloned into the pGEM-T vector (Promega), yielding pEYN09. The Ptrc::riboswitch-E::luc + cassette was excised from pEYN09 with EcoRI and XbaI and ligated into the corresponding sites of pEYN06, generating a Synechococcus transformation vector pEYN11. The riboswitch-D::luc + and riboswitch-E*::luc + fragments were amplified by PCR using the specific primer sets (primers YN013 and PL-R1; primers YN014 and PL-R1, respectively: Supplementary Table S1) , and introduced into pGEM-T vector, resulting in pEYN07 and pEYN08, respectively. The riboswitch-D::luc + and riboswitch-E*::luc + fragment were digested from the resultant vectors with KpnI and XbaI, and replaced with the riboswitch-E:: luc + in pEYN11 to produce the Synechococcus transformation vectors, pEYN10 and pEYN12, respectively. To generate a transformation vector pEYN01, which harbors an IPTG-inducible luciferase reporter cassette, the luc + gene segment was excised from pGL3-basic with NcoI and XbaI, and introduced into the corresponding sites of pNS2KmTÁHincII-Ptrc (Murayama et al. 2008) . Transformation of Synechococcus wild-type strain with the resultant vector (pEYN01, pEYN10, pEYN11 or pEYN12) was carried out as described by Porter (1988) , yielding transformants, ENYC1, ENYC2, ENYC3 and ENYC4, respectively.
To construct the kaiC expression cassette under the control of riboswitch-E*, riboswitch-E* (primers YN043 and YN044, Supplementary Table S1) and the kaiC fragment (primers YN045 and YN050, Supplementary Table S1) were amplified by PCR using pEYN12 and Synechococcus genomic DNA as template, respectively. The DNA fragments were recombined by overlap extension PCR using primers (primers YN043 and YN50), and the resulting fragment was subcloned into pGEM-T vector, generating pEYN22. The riboswitch-E*::kaiC fragment was digested from pEYN22 with KpnI and XbaI, and integrated into the corresponding sites of pEYN11, resulting in a Synechococcus transformation vector pEYN25. The cyanobacterial reporter strain NUC42 that carries the kaiBC promoterdriven bacterial luciferase gene (luxAB) at neutral site 1 (Nishimura et al. 2002) and the kaiC-deleted reporter strain kaiC -/NUC42, in which kaiC gene was substituted with the spectinomycin resistance gene (Iwasaki et al. 2002) , were transformed with pEYN25, resulting in ENYC11 and ENYC13, respectively.
Luciferase assay and bioluminescence measurement
Luciferase activities in liquid cultured cells were measured by using a Luciferase Assay System (Promega). Cells corresponding to 200 ml of each suspension culture were collected by centrifugation at 20,000Âg for 10 min, and resuspended in 100 ml of a buffer containing 0.1 M K 2 HPO 4 (pH 7.8) and 2 mM EDTA. The mixture was quickly frozen in liquid nitrogen and thawed at room temperature. A 300 ml lysis mix containing 25 mM Trisphosphate (pH 7.8), 2 mM dithiothreitol (DTT), 2 mM 1,2-diaminocyclohexane-N,N,N 0 ,N 0 -tetraacetic acid, 10% glycerol, 1% Triton X-100, 1.25 mg ml À1 lysozyme and 2.5 mg ml À1 bovine serum albumin (BSA) was added into the mixture and further incubated for 10 min at room temperature to lyse the cells. A 10 ml aliquot of the cell lysate was mixed with 50 ml of the Luciferase Assay Reagent (Promega), and subjected to a 5 s measurement read for luciferase activity by using a luminometer (EG&G BERTHOLD Lumat LB 9506). To detect bioluminescence of batch-cultured cells in vivo, 200 ml of harvested cell suspension, pre-containing 0.1 mM D-luciferin in liquid medium was put into a luminometer detecting tube. The tube was placed into the measurement chamber of the luminometer, incubated under darkness for 1 min to remove Chl fluorescence, and subjected to a 5 s measurement read for luminescence. Bioluminescence from the cells grown on BG11-M agar plates was monitored and processed by using a high sensitivity photomultiplier-based system as described by Iwasaki et al. (2000) .
Immunoblot analysis
Synechococcus cells were collected and immediately frozen in liquid N 2 and stored at À80 C. The frozen cells were resuspended in 500 ml of Laemmli sample buffer [60 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 5% b-mercaptoethanol and 0.01% bromophenol blue] and disrupted by using the Micro Smash TM MS-100R (TOMY SEIKO Co., Ltd.) with 500 mg of glass beads (0.1 mm in diameter, TOMY SEIKO Co., Ltd.) at 4 C. After centrifugation, the supernatants were collected as total protein extracts. Protein concentration was determined by using the Protein Quantification Assay (MACHEREY-NAGEL). Total proteins (each 1 mg per lane) were subjected to SDS-PAGE on a 10% gel for KaiC analysis, and 12% gels for KaiA and KaiB, and transferred to polyvinylidene fluoride membranes. The blotted membrane was incubated with the specific antiserum raised against KaiA, KaiB or KaiC, as described by Kitayama et al. (2003) , and the signals were detected with ECL TM Prime Western Blotting Detection Reagent (GE Healthcare). The blotting image was analyzed with a LAS-1000 Plus Lumino-Image Analyzer, and signal strength was estimated with the Image Gauge ver. 4.0 (Fuji Film).
Supplementary data
Supplementary data are available at PCP online.
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